The aim of our study was to observe the effect of low doses of ionizing radiation, azoxystrobin and glyphosate separately as well as in their mutual combinations on the lethality of Artemia franciscana. Increasing intensity of agricultural production leads to continual exposure of animals to pesticide residues. Animals could be exposed to these negative factors in case of possible nuclear accident. A total of 1000 nauplia, randomly placed in 20 groups (1 control and 19 experimental groups), were irradiated with gamma rays (0, 20, 30, 40 or 50 Gy) and were kept in solution of standardized sea water and standardized sea water with addition of pesticides (azoxystrobin at a concentration of 0.0001 g·l -1 and glyphosate at a concentration of 0.5 g·l -1 individually or in combination). A significant increase of lethality was observed after 48, 72 and 96 h of exposure to only azoxystrobin, but also in the group exposed to the combined effect of azoxystrobin and glyphosate at all time intervals. On the other hand, a significant decrease of lethality was observed in those groups exposed to ionizing radiation even at the dose of 30 Gy at all time intervals compared to non-irradiated groups. These results confirm the toxicity of azoxystrobin to aquatic organisms; non-toxicity of glyphosate to crustaceans and support the theory of radiation hormesis at the level of 30 Gy radiation dose.
Considerable expansion of human population combined with increasing demands on food quality resulted in more intensive agricultural production. This increase in intensity was associated with increased use of pesticides, higher load on the ecosystem and considerable economic loss. Increasing pollution brings about increasing concern for the influence of xenobiotics on live systems in general and, subsequently, on individual organ systems. The most commonly used pesticides are azoxystrobin (fungicide) and glyphosate (herbicide).
Glyphosate belongs among non-selective herbicides. Preparations based on this substance contain the active ingredient at 41% and 1% concentrations. In addition to the active ingredient they contain also a mixture of isopropanol amine (IPA) salt and other additives, such as antifoaming and colouring ingredients, biocides and pH-adjusting inorganic ions (Bradberry et al. 2004) .
Azoxystrobin is a wide spectrum fungicide acting against various diseases of agricultural and decorative plants. It exhibits a wide spectrum effect against common species of pathogenic fungi (Anonymus 1996) . It is one of the most frequently used fungicides worldwide (Thomson 1997) .
Ionizing radiation has affected the human population from the beginning of its existence in the form of cosmic radiation and also due to naturally radioactive minerals. The progressing modernization and industrial and medicinal development brought about additional artificial anthropogenic sources of radiation. Notably, nuclear weapon testing, utilization of nuclear energy (Chernobyl, Fukushima), and diagnostic or therapeutic medical equipment based on ionizing radiation.
Effects of higher doses of gamma radiation have been described by a number of authors involving both vertebrates (Sesztáková et al. 1996; Falis et al. 2004; Beňová et al. 2006) and invertebrates, e.g. Artemia salina (Dvořák and Beňová 2002) . On the other hand, low doses of ionizing radiation can also have positive effects (the so-called radiation hormesis). This involves stimulation of many processes, such as germination of seeds and growth of many plant species, increase in the activity of individual enzymes, stimulation of bacterial division and isolated mammalian cells, prolonged life of water plankton, drosophila, mice, and rats exposed to chronic irradiation with extremely low doses, increased radio-resistance to repeated irradiation with high doses (the so-called adaptive response), and decreased mortality of humans due to oncologic diseases (Luckey 1994; Sanders 2010) .
The current trend is to decrease the number of animal experiments to a minimum. According to the Directive 86/609/EEC, animal means any live non-human vertebrate, including free-living larval and/or reproducing larval forms, but excluding foetal or embryonic forms. The EU also efforts to reduce the number of trial vertebrates. This can be realized by a substitution of conventional tests with alternative biotests. Unlike insulated tissue cultures, the biotest in plankton animals represents a model based on a complex live organism. These are presented and described in experiments, which are more similar to natural conditions compared to the inbreeding lines of trial vertebrates (Dvořák et al. 2012a) . For this reason an alternative biotest of the 2 nd generation carried out on Artemia franciscana was used in this study (Dvořák and Beňová 2002) . In a majority of older studies Artemia franciscana was presented as Artemia salina, the change arising due to taxonomic revision in nomenclature of the genus Artemia (Dvořák et al. 2012b) . The aim of the present experiment was to compare the influence of various doses of gamma radiation before exposure of Artemia franciscana to individual pesticides or their combination on their lethal effect.
Materials and Methods
The experiment was carried out on Artemia franciscana hatched in sea-water of the following composition: NaCl 23.900 g·l (Dvořák et al. 2005) . Ten freshly hatched nauplia were placed to polystyrene Petri dishes of a diameter of 60 mm, using 10 ml of sea-water in total (including the sample). Investigations were carried out with azoxystrobin at a concentration of 0.0001 g·l -1 and glyphosate at a concentration of 0.5 g·l -1 individually or in combination. All investigated solutions were prepared in sea-water. Nauplia were irradiated with gamma rays, the absorbed doses were 20, 30, 40 or 50 Gy ( 60 Co, Chisostat, Chirana, Sr) at a dose output of 113.6 Gy·h -1 . Doses of radiation were set in order to present various lethal doses to A. fransiscana in the experiment. Doses of pesticides were set as the multiples of its recommended doses for agricultural use. Azoxystrobin was used at a dose × 21.3 higher than the recommended dose, to cause significant lethality of Artemia. Glyphosate was used at a dose × 12 285 higher than the recommended dose, because producers declare a non-toxic effect of glyphosate to non-plant organisms.
Nauplia were randomly placed in 20 groups, 1 control and 19 experimental groups (Table 1) . Each group comprised 50 nauplia subdivided to 5 separate groups (dishes), 10 individuals in each. In total 1000 nauplia were investigated. The Petri dishes were placed into previously disinfected thermostat (Kočišová 2005) set to 20 (± 1) °C.
At the time intervals of 24, 48, 72, and 96 h live artemia were counted. Results from experimental groups were compared with the control and evaluated statistically. Groups exposed to azoxystrobin were also compared.
Dean-Dixon's test (Eckschlager et al. 1980 ) was used to eliminate distant results. Significance of differences between individual groups was determined according to Hayes (1991) . Differences were considered significant at P < 0.05.
Results
In the control group, the maximum lethal effect on Artemia franciscana was observed at the level of 4% after 72 h. Observation after 24-h exposure showed no significant differences in lethality between control and experimental groups with the exception of non-irradiated group exposed to both pesticides (AG). After 48-h exposure there were significant differences (P < 0.05) in lethality between groups exposed to azoxystrobin (A), azoxystrobin exposed and irradiated with the doses of 40 Gy (A40Gy), and 50 Gy (A50Gy), groups exposed to glyphosate and irradiated with the doses of 20 Gy (G20Gy), 40 Gy (G40Gy), and 50 Gy (G50Gy), exposed to the combination of azoxystrobin and glyphosate (AG), exposed to both pesticides and irradiated with the doses of 20 Gy (AG20Gy), 40 Gy (AG40Gy), and 50 Gy (AG50Gy) compared to the control. After 72-h and 96-h exposure, significantly increased (P < 0.05) lethality was observed compared to the control in the same groups as after 48-h exposure (Table 2 ).
In the group exposed to azoxystrobin 56% lethality was observed after 48 h of exposure. However, in the same time interval, significantly decreased (P < 0.05) lethality was recorded in the groups exposed to both azoxystrobin and ionizing radiation at a dose of 20 Gy (A20Gy) and 30 Gy (A30Gy) compared to azoxystrobin exposed non-irradiated group (A). After 72 h, lethality in groups A20Gy and A30Gy was also significantly decreased (P < 0.05) compared to the azoxystrobin exposed group (A). Similar situation with regard to groups A20Gy and A30Gy compared to group A was observed after 96 h of exposure.
Observation of the effect of glyphosate after 48, 72, and 96 h of exposure showed significantly increased (P < 0.05) lethality in groups irradiated with doses 20 Gy (G20Gy), 40 Gy (G40Gy) and 50 Gy (G50Gy) compared to glyphosate exposed nonirradiated group (G) and group irradiated with the dose of 30 Gy (G30Gy).
In the groups exposed to the combined effect of azoxystrobin and glyphosate already at 24-h interval a significant decrease (P < 0.05) in lethality was observed in all irradiated groups (AG20Gy, AG30Gy, AG40Gy, AG50Gy) compared to the non-irradiated group (AG). After 48, 72 and 96 h, significantly decreased (P < 0.05) lethality was recorded in groups irradiated with doses 20 Gy (AG20Gy), 30 Gy (AG30Gy), and 40 Gy (AG40Gy) in comparison with the non-irradiated dose (AG). However, in the group AG30Gy significantly decreased (P < 0.05) lethality was recorded after 48 h compared to AG20Gy and AG50Gy, and after 72 and 96 h compared to groups AG20Gy, AG40Gy, and AG50Gy.
Discussion
According to the Pesticide manual (Tomlin 2001) azoxystrobin is characterised as dangerous to fish and other water fauna which was confirmed by its toxicity in the present experiment. Similar toxic effect on Artemia franciscana was observed by Falis et al. (2010) .
The principle of its effect is based on inhibition of respiration by blocking electron transfer between cytochrome and cytochrome c 1 on both sides of the oxidation plane. It exhibits a wide spectrum effect against pathogenic fungi, particularly those from the genera Ascomycetes, Basidiomycetes, Deuteromycetes, and Oomycetes. It inhibits germination of spores and mycelium growth (Tomlin 2001). 40 Table 2 . Lethality (%) of Artemia franciscana after exposure to irradiation, azoxystrobin and glyphosate separately and in their mutual combinations in investigated intervals.
x -lethality in %; n -number of tested groups; SD -standard deviation; * -significance in comparison with the control (P = 0.05) Glyphosate was included in the list of risk substances relevant in the Slovak republic within the programme for decreasing pollution of waters by harmful and extremely harmful substances for which it is necessary to develop a scheme of measures ensuring decreased pollution of waters with these substances. With regard to the current use of glyphosate in agriculture it is necessary to monitor it regularly in water environment (Anonymous 2002) .
Glyphosate exhibits a wide spectrum herbicidal effect against annual and perennial weeds. Environmental properties of this herbicide, such as its immobility in soil, rapid soil inactivation and soil biodegradation are unknown. This herbicide is virtually nontoxic to "non-plant" forms of life, for example to water fauna, birds, animals and humans (Malik et al. 1989) . Results of our experiment proved that this herbicide is not toxic to water crustaceans. Herbicides based on glyphosate (e.g. roundup ® ) are frequently used in water environment. On the other hand, the results of some experiments showed that glyphosate is toxic even to non-plant forms of organisms. Investigations were carried out regarding the toxicity of four forms of glyphosate to water fauna (Vibrio fischeri, Selenastrum capricornutum, Skeletonema costatum, Tetrahymena pyriformis, Euplotes vannus, Ceriodaphnia dubia, and Acartia tonsa). There toxicity was as follows: POEA (polyoxyethylene amine) > roundup ® > glyphosate acid > isopropylamine glyphosate salt (IPA). Toxicity of glyphosate acid resulted from its considerable acidity (Tsui and Chu 2003) . In our experiment the product roundup ® was used. Even Mann and Bidwell (1999) investigated the acute toxicity of glyphosate acid, IPA, and three glyphosate salts to adult frogs and tadpoles of four species of Southern Western Australian frogs and observed considerable sensitivity of juvenile forms of the species Litoria moorei. relyea (2005) studied toxicity of roundup ® to North American frog species. They recorded the death of 96-100% of larval forms and 68-86% of juvenile forms.
Ionizing radiation is not detected by our senses and as a rule, we learn about its presence only after manifestation of its negative effects. The negative influence of ionizing radiation was indicated by the results of Beňová et al. (2007) who reported similar lethality of irradiation with a dose of 50 Gy as that recorded in our experiment. The present experiment showed that exposure to glyphosate and ionizing radiation at doses of 20, 40, and 50 Gy resulted in the summarization of negative effects of these factors. Negative effects of all factors are based on attacking the enzyme systems of cells, where also occurs the summarization of damaging enzyme systems. In comparison of groups C, 20-50 Gy vs. G, G20-G50 Gy it is apparent that glyphosate alone is without any effect on the lethality, but in case of irradiation at doses of 20, 40, and 50 Gy it increases the lethality caused by irradiation. In case of irradiation at a dose of 30 Gy, effect of radiation hormesis was observed. Ionizing radiation affects all life on earth. Living organisms are adapted to natural doses of radiation background and further low doses in addition cause positive effects. The positive effect of irradiation is based on the stimulation of endonucleases, which leads to an increase of reparation mechanisms in irradiated organisms. The backset comes with higher rations of ionizing radiation, which cause stochastic effects at first with subsequent deterministic negative effects. Stochastic effects are based on irreversible damage of DNA, especially inhibitory genes for oncogenes. Similar results indicating radiation hormesis at a dose of 10 Gy were reported by Beňová et al. (2007) who, however, investigated the interaction of heavy metals (Cd, Cr) and radiation. The magnitude of doses in tens of Gy should be related to phylogenetic position of invertebrates, crustaceans of the genus Artemia. Many authors of epidemiological studies supported the concept that low doses are beneficial to health (Luckey 1994; Cohen 1995; Jawarowski 1995; Pollycove 1997) . The most frequently presented essence of hormesis is the activation and stimulation of adaptive and reparative processes and immune mechanisms by low doses of ionizing radiation which subsequently results in increased immunity of the body (Sanders 2010; Luckey 1991 ).
In conclusion we can state that the results presented in this study confirm that azoxystrobin is highly toxic for aquatic organisms; glyphosate is non-toxic to crustaceans of species Artemia franciscana; and the results support the theory of radiation hormesis at the level of 30 Gy radiation dose. Animals could be exposed to the above discussed negative factors in case of a nuclear accident.
